Background: The year 1971 was the first time in New York State (NYS) that Eastern equine encephalitis virus (EEEV) was identified in mosquitoes, in Culiseta melanura and Culiseta morsitans. At that time, state and county health departments began surveillance for EEEV in mosquitoes. Methods: From 1993 to 2012, county health departments continued voluntary participation with the state health department in mosquito and arbovirus surveillance. Adult female mosquitoes were trapped, identified, and pooled. Mosquito pools were tested for EEEV by Vero cell culture each of the twenty years. Beginning in 2000, mosquito extracts and cell culture supernatant were tested by reverse transcriptase-polymerase chain reaction (RT-PCR).
Background
Culiseta melanura (Coquillett) becomes infected by, and transmits, Eastern equine encephalitis virus (EEEV) during blood feeding [1] . This species feeds preferentially on birds and opportunistically on mammals [2, 3] and occasionally on humans [4, 5] . Other genera and species of mosquitoes common in the northeastern USA have been found to carry EEEV and have been thought to play a role in the transmission of EEEV, including Coquillettidia perturbans (Walker) [6] , Aedes canadensis (Theobald) (Ochlerotatus canadensis) [7] [8] [9] , and Aedes cinereus Meigen [9, 10] .
In 1971, the first reported case of Eastern equine encephalitis (EEE) in a human in New York State (NYS), in Oswego County [11] , prompted the respective health departments to begin annual surveillance for EEEV in mosquitoes [7, [11] [12] [13] . In 1971, EEEV was identified in Cs. melanura, Culiseta morsitans (Theobald), and Culex restuans Theobald, in Oswego County [11, 12] . In 1973, EEEV was identified in Culex pipiens Linnaeus, in Suffolk County [13, 14] . In 1974, EEEV was identified in Ae. canadensis in Oswego County [12] . In 1976, EEEV was identified in Cq. perturbans in Oswego County [13] . In 1978, EEEV was identified in Cs. melanura, in Suffolk County (Howard JJ, Oliver J, Guirgis S, Woodall JP. Eastern equine encephalitis in Suffolk County, Long Island, New York, 1994. Proceedings of the 82nd Annual Meeting New Jersey Mosquito Control Association 1995;82: [12] [13] [14] [15] [16] [14, 15] . In 1990, EEEV was identified in Aedes vexans (Meigen) and Anopheles quadrimaculatus Say [16] .
From 1971 to 1992, there were detections of EEEV in eight mosquito species within five genera, in NYS [7] ; in order of frequency, 159 were from Cs. melanura, 18 from Cs. morsitans, 11 from Cq. perturbans, nine from Ae. canadensis, two from Ae. vexans, and one each from An. quadrimaculatus, Cx. pipiens, and from Cx. restuans.
The purpose of this work is to report on continued surveillance for EEEV in mosquitoes in NYS, from 1993 to 2012.
Methods

Recruitment of counties
Counties decided to participate in mosquito and arbovirus surveillance based on local concern about vector-borne disease and budget. The number of counties that conducted mosquito surveillance and submitted mosquito specimens for virus assay ranged from nine to 43 from 1993 to 2012 (Table 1 ) [17] . There are 57 counties in NYS exclusive of the five counties that comprise New York City (NYC). In NYC, the Department of Health and Mental Hygiene conducted their own surveillance and testing and their results are not included in this present study.
Trapping of mosquitoes
Trapping of adult mosquitoes began in May of each year and ended by October. Mosquitoes were collected using light traps supplemented with dry ice [18] , gravid traps [19] , or diurnal resting boxes [20] . Counties selected trap types depending on which viruses and mosquito species they were interested in collecting. Counties focusing on EEEV used diurnal resting boxes, optimal for collecting Culiseta, and light traps, optimal for Aedes and Coquillettidia. Counties focusing on West Nile virus (WNV) used gravid traps, optimal for collecting Culex, and light traps [21] . The geographical distribution of EEE or EEEV in the recent past [14, 16] or of WNV [17, 22] was used to determine the locations of surveillance sites in the current study.
Identification and sorting of mosquitoes
The identification of adult mosquito specimens was aided with microscopy and based on morphologic features and nomenclature from published methods [23] [24] [25] [26] . Male mosquitoes were excluded. When possible, identifications were made to species level. Some identifications were made to group level (Table 2) . Each county decided which mosquito species to submit for testing. Females were sorted by species, by physiological status (unfed, blood-fed, gravid), collection site, type of trap, and week. Appropriately sorted specimens were then pooled. Based on methodology, the laboratory decided on the number of mosquitoes per pool. During the years 1993 to 1999, the number of mosquito specimens per pool was 10-100; during 2000 to 2008, 10-50; and during 2009 to 2012, 10-60. Each year, the testing laboratory, based on capacity, determined a total number of pools they would be able to accept from each county.
Testing mosquitoes for virus
From 1993 to 1999, pools of mosquitoes were tested for virus by Vero cell culture (African green monkey kidney cells), according to the method of Srihongse et al. [13] as modified by Boromisa & Grayson [27] . From 2000 to 2012, pools of mosquitoes were tested for virus by amplification of viral nucleic acid [22] . Pools were placed in 2-ml polypropylene microcentrifuge tubes containing a zinc-plated steel bead (Daisy Outdoor Products, Rogers, [28] . If cytopathology was observed, cell culture supernatant was tested for EEEV by a specific reverse-transcription polymerase chain reaction (RT-PCR) [29] as previously used in our Arbovirus Laboratory [28, 30] . RT-PCR was also conducted on the original mosquito pool homogenate [28, 30] . In detail, two sets of primers and probes, each targeting a different region of the EEEV RNA template, were used for testing specimens. First, sequences for the set targeting the E2 gene were provided by the Centers for Disease Control and consisted of forward primer 5'-ACA CCG CAC CCT GAT TTT ACA-3', reverse primer 5'-CTT CCA AGT GAC CTG GTC GTC-3', and probe 5'-6FAM-TGC ACC CGG ACC ATC CGA CCT-TAMRA-3' [31] . A second set was developed in the Viral Encephalitis Laboratory of the Wadsworth Center of NYSDOH and targeted the E1 gene (forward primer 5'-ACA CTA AAT TCA CCC TAG TTC GAT-3', reverse primer 5'-GTG TAT AAA ATT ACT TAG GAG CAG CAT TAT G-3', and probe 5'-6FAM-CGA GCT ATG GTG ACG GTG GTG CA-TAMRA-3' [30] . Assays were performed on the ABI Prism 7000 or 7500 sequence detectors using ABI TaqMan one-step RT-PCR master mix (Applied Biosystems, Foster City, California, USA). Standards were prepared from RNA extracted from EEEV stock that had been amplified on Vero cells and titers determined [28] . Thermal cycling consisted of 48°C for 30 min for RT, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for one min. A sample was considered positive if the C T value was less than 40 for both primer sets, and the ΔRn value was more than five times the average ΔRn values for the negative controls. 
Toxorhynchites (Lynchiella) rutilus septentrionalis (Dyar & Knab)
Groups may contain the species indented below the group name
Results were expressed in C T values or relative numbers of plaque forming units (PFU) calculated by linear regression from the standard curve. Pools are processed for EEEV within three to four days of receipt. The EEEV assay had a sensitivity of five gene copies per reaction [30] . Pools of Cx. pipiens and Cx. restuans were not inoculated onto Vero cells unless EEEV was detected by RT-PCR.
Results
Mosquito specimens
From 1993 to 2012, statewide, 3.96 million mosquitoes were submitted and assayed ( Fig. 1 ). Of the approximately 70 species of mosquitoes previously known to be present in NYS [23, 24] , 49 species were submitted for arbovirus testing (Table 2 ). There were 11 species of mosquitoes in which EEEV was detected ( Whether the number of participating counties was smaller (n = 9) or larger (n = 43) (Table 1) , EEEV was not detected in mosquitoes in the years 1998 to 2002 (Table 4) .
Mosquito pools
The 3.96 million mosquitoes were assayed in 107,156 pools (Table 4) . One to two percent of samples testing positive for EEEV by RT-PCR were not infectious on Vero cell culture. There were 14 of 20 years with EEEV detected in mosquitoes (Table 4 ). In those 14 years, the percent positive pools ranged between 0.02-1.66% (mean 0.54%) ( Table 4 ). For Cs. melanura alone, there were 14 of 20 years with EEEV detected in mosquitoes, ranging between 0.01-14.63% (mean 5.77%) ( Table 4 ). Over the 20 years, the total number of mosquitoes and the total number of pools were within the same order of magnitude (Table 4 , Fig. 1 ).
Detections were made in the following mosquito species: Cs. melanura, Cs. morsitans, Cq. perturbans, Ae. canadensis, Ae. vexans, Anopheles punctipennis (Say), An. quadrimaculatus, Psorophora ferox (Humboldt), Culex salinarius Coquillett and Cx. pipiens-restuans group.
Culiseta melanura accounted for 91% (388 of 427) of pools in which EEEV was detected ( Table 4 ). The number of Cs. melanura pools assayed, and the numbers of pools testing positive for EEEV, each year in NYS from 1993 to 2012, is illustrated in Fig. 2 . Species other than Cs. melanura accounted for 9% (39 of 427) of pools in which EEEV was detected (Table 4) .
From 1993 to 1999, when pool sizes ranged from 10 to 100 specimens, the average pool size was 61 specimens per pool. From 2000 to 2008, when pool sizes ranged from 10 to 50, the average pool size was 30 specimens per pool. From 2009 to 2012, when pool sizes ranged from 10 to 60, the average pool size was 35 specimens per pool. For Cs. melanura, the average pool sizes during these periods were 43, 31 and 29, respectively.
Geographical distribution of mosquitoes with virus
Six counties had mosquitoes that tested positive for EEEV, and these counties were located in three geographical regions of NYS (Table 3) . First, in Madison, Oneida, Onondaga and Oswego Counties, which all have Oneida Lake as a border, EEEV was detected in eight species of mosquitoes and Cx. pipiens-restuans group, among 27 species tested from this region. This area yielded 23% (25,071 of 107,156) of all mosquito pools, and 78% (335 of 427) of all EEEV-positive pools. This area also yielded 79% (305 of 388) of all Cs. melanura pools that were EEEV-positive, and 77% (30 of 39) of all pools other than Cs. melanura that were EEEV-positive.
Secondly, in Suffolk County, EEEV was detected in three mosquito species and one group (Table 3) . There were 90 pools in which EEEV was detected, consisting of 81 pools of Cs. melanura, six of Cx. pipiens-restuans group, two of An. quadrimaculatus and one of Cq. perturbans. The easternmost location in NYS in which EEEV was detected was the Town of East Hampton, Suffolk County.
Thirdly, in Sullivan County, EEEV was detected in one species of mosquito, Cs. melanura, in two pools, in the Town of Thompson (Table 3) .
Timing of mosquitoes with virus
EEEV was detected in mosquitoes in 1993 through 1997, and in 2003 through 2012 (Fig. 1) , within at least one of these three regions of NYS. However, EEEV was not detected in all three regions in the same years, during the 20 years of surveillance. EEEV was not detected in mosquitoes in 1995, and 1998 through 2002 (Table 4 , Fig. 1 ). This pattern was the same with Cs. melanura alone (Table 4 , Fig. 2 ). EEEV was detected at least once in each of the nine species of mosquitoes and the Cx. pipiens-restuans group (Table 3) . There was no year during which EEEV was detected simultaneously in all nine species of mosquitoes and the Cx. pipiens-restuans group (Table 3) .
State-wide, the earliest date in any year that EEEV was detected was June 25 (2007) , in Oswego County, and was July 7 (1994), in Suffolk County, and was September 2 (2004), in Sullivan County, all in Cs. melanura. Within the 20-year period, detections of EEEV occurred in June (n = 2), July (n = 81), August (n = 234), September (n = 108) and October (n = 2) ( Table 5) 
Discussion
Surveillance
In this arbovirus surveillance program, the number of individual mosquitoes and number of pools submitted annually remained consistent (Table 4 , Fig. 1 ).
Among 57 counties in NYS (excluding NYC), between nine and 43, inclusive, participated in annual mosquito submission. The introduction of WNV to NYS in 1999 [31] resulted in more counties (range 13-43, average 25) opting to conduct mosquito and arbovirus surveillance, beginning in 2000 [17] . Testing mosquitoes from a greater number of counties did not result in more detections of EEEV, as detections of EEEV occurred in only six counties.
Species of mosquitoes with virus
In NYS, this was the first time that the mosquito species Cx. salinarius, Ps. ferox, and An. punctipennis were found to have EEEV (Table 3) .
The preponderance of detections of EEEV being in Cs. melanura is expected due to the importance of ornithophilic mosquito species such as Culiseta to maintain EEEV in a mosquito-wild bird cycle and the ecological setting where EEEV is present. Given the large percentage of Cs. melanura having EEEV, it is to be expected that the greater the number of Cs. melanura collected, the greater the number of pools having EEEV in years when EEEV is present (Fig. 2) . The preponderance of detections of EEEV being from mosquitoes collected in Madison, Oneida, Onondaga and Oswego Counties is consistent with the history of EEEV detections, observed from 1971 to 1992 [7, 11, 32] .
In aggregate, from 1971 to 2012, in NYS there were 629 detections of EEEV in 11 mosquito species within seven genera. In order of frequency, 547 were from Cs. melanura, 27 from Cq. perturbans, 21 from Cs. morsitans, 14 from Ae. canadensis, seven from Cx. pipiens-restuans group, five from Ae. vexans, three from An. quadrimaculatus, and one each from Cx. pipiens, Cx. restuans, Cx. salinarius, Ps. ferox and An. punctipennis.
Geographical distribution of mosquitoes with virus
During the period of 1971 to 1992, inclusive, four contiguous counties (Madison, Oneida, Onondaga and Oswego), have had more detections of EEEV in mosquitoes than any other location in NYS [7, 16] . This trend continued from 2003 to 2012.
In Suffolk County, EEEV was first detected in mosquitoes in 1973 [14] . Suffolk County is the easternmost county in NYS that EEEV was detected (Town of East Hampton), in 1996 and 2003. The neighboring state of Rhode Island reported one case of human EEE, on Block Island (in Washington County) in 1993 and 71 detections of EEEV in 1996, 1997, 1998 and 2000 in Cs. melanura, Cq. perturbans, Ae. canadensis and Ae. vexans and unidentified Anopheles species and Culex species in Washington County and Newport County [33, 34] . These detections in Rhode Island are comparable to our detections in Suffolk County during that time (Table 3) . The coast of Block Island is 22 km off the northeast coast of Suffolk County. The neighboring state of Connecticut reported EEEV in eight mosquito species in New London County in 1996 [35] , again comparable to our detections in Suffolk County in the period 1993 to 1997 ( Table 3 ). The coast of New London County is 13 km off the northern coast of Suffolk County.
In Sullivan County, EEEV was first detected in mosquitoes in 2004, before which time EEEV had not been reported in mosquitoes or vertebrates. In the Town of Thompson in Sullivan County, EEEV was detected in Cs. melanura (Table 3) , collected on September 2, 2004. Sullivan County had its first case in an eagle on September 7, 2004 and its first case in a horse on October 3, 2004 [36] . One of these cases was located 1 km from where the EEEV-infected Cs. melanura were collected. In adjacent Ulster County, there was a case in a horse on September 15, 2004 and a case in a goldfinch on October 19, 2004 [36] .
Timing of mosquitoes with virus
In NYS, detection of EEEV in mosquitoes every year from 2003 to 2012, inclusive, was the longest consecutive time period, to date. During the 20-year period from 1993 to 2012, there was a five-year period from 1998 to 2002 without detection of EEEV in mosquitoes.
In Madison, Oneida, Onondaga and Oswego Counties, during the 22-year period from 1971 to 1992, there was a three-year interval, from 1984 to 1986, without detection of EEEV in mosquitoes [7, 16] . From 1993 to 2012, EEE in humans was reported in only Onondaga or Oswego counties, in 2009, 2010 and 2011 [36] .
In 2003 concomitantly, in Suffolk County, there were EEEV-infected mosquitoes and an EEE case in a horse [36] . In other years when there were detections of EEEV in mosquitoes, specifically 1993, 1994, 1996, 1997 and 2008 , there were no cases of EEE in horses or other vertebrates reported in Suffolk County [36] .
In Massachusetts, EEEV was detected in mosquitoes every year from 1968 to 1980 and 1982 to 1993 [37, 38] and every year from 1997 to 2001 [38] . In New Jersey, EEEV was detected in mosquitoes every year from 2003 to 2010 [39] . In Connecticut, EEEV was detected in mosquitoes every year from 2009 to 2013 [40] .
The calendar date of the earliest seasonal detection of EEEV in mosquitoes was June 25, in 1991, during the previous 22-year surveillance period of 1971 to 1992 [7, 16] . The calendar date of the earliest seasonal detection of EEEV in mosquitoes was also June 25, in 2007 , during the present 20-year surveillance period of 1993 to 2012.
The finding of only two detections in October (Table 5 ) is consistent with the natural seasonal decrease in active adult mosquitoes in NYS, the typical onset of mosquito-killing frosts and the conclusion of seasonal mosquito surveillance programs.
Transmission of EEEV from mosquitoes
Theoretically, any of the 11 mosquito species testing positive for EEEV may play a role in transmission to mammals. Hayes & Doane [41] proposed a role for Cs. melanura in transmission to mammals. Culiseta melanura has a higher percentage of specimens carrying EEEV than any other mosquito species [42] , which has been used to argue for the involvement of this species in enzootic [1] and epidemic [16] transmission of EEEV. The identification of human blood in field-caught Cs. melanura has been used to argue for the involvement of this species in transmission of EEEV to humans [4, 5] . Aedes albopictus (Skuse), Ae. vexans, Ae. canadensis and Cq. perturbans, have been shown to carry EEEV [8] .
Culex salinarius, Ps. ferox and An. punctipennis may feed on humans [24] . Culex salinarius, Ps. ferox and An. punctipennis can seek hosts during the usual season of EEE disease in NYS, which has been July to October [7, 32, 36] . EEEV was detected in Cx. salinarius and Ps. ferox in Mississippi in 1998, 1999 and 2002 [43] . EEEV was detected in An. punctipennis in South Carolina between 1996 and 1998 [44] . EEEV was detected in Cx. salinarius in Ohio state in 1991 concomitantly with cases of EEE in horses [45] . Culex salinarius and An. punctipennis are considered likely vectors of EEE in Massachusetts [46] . Vaidyanathan et al. [47] found Cx. salinarius and An. punctipennis to be susceptible to infection with EEEV via mouth parts and found these species to have potential for salivary transmission. Psorophora ferox is a known vector of Venezuelan equine encephalitis virus (VEEV) [48] , which suggests Ps. ferox has the potential to transmit EEEV.
Practical applications
During this surveillance, every year, in the usual course of official duty, the state health department presented information on the presence of mosquitoes with EEEV to the appropriate officials in the affected counties. The officials, pursuant to public health code, made decisions on when and how to prevent disease by implementing a public health information campaign via newspapers, radio, television or web sites. Also, officials decided when and how to implement vector control using mosquito adulticides in affected geographical areas. The state health department presented this information on the presence of mosquitoes with EEEV to practicing veterinarians to consider prevention, such as vaccination and to consider the diagnosis of EEE.
Limitations of this study
This study was not able to determine the latest date in the year that EEEV was present in mosquitoes, because the county and state mosquito surveillance programs ceased in October. Each county health department made its own decision to participate, or not, in surveillance. The number of participating counties varied from year to year. Counties could not submit all collected mosquitoes, due to testing capacity. The collected mosquitoes that were not submitted may have contained EEEV. Choices of trap types by each county may be viewed as sampling bias, because different traps attract different species to different extents. EEE disease in vertebrate animals, including humans, was reported in 15 counties during 2003 to 2012 [36] . Of these 15 counties, 11 to 12 counties did routine annual adult mosquito surveillance; two counties did no surveillance.
During years 2000 to 2008, when the emergence of WNV was a concern, more counties participated (Table 1) . Nevertheless, each year, similar numbers of mosquitoes were submitted, and similar numbers of pools were made and tested for the presence of EEEV in mosquitoes (Table 4 and Fig. 1) .
Vero cell culture testing may fail to detect virus, if the specimen is degraded, or the virus is not viable. RT-PCR testing may fail to detect virus, if the specimen is degraded, or there is an unrecognized mutation in the virus. In 2000, RT-PCR was established for surveillance of WNV in mosquitoes following the introduction to NYS of WNV disease. This allowed for EEV to be tested by RT-PCR, along with WNV, in a single multiplex. From 1993 to 2012, all pools of all mosquitoes, except Cx. pipiens and Cx. restuans, were tested on Vero cell culture. If a pool of Cx. pipiens and Cx. restuans tested positive by RT-PCR, it was then tested by Vero cell culture. In all years, our specimens were tested on Vero cell culture, the sensitivity of which was not expected to change. The consistent use, throughout this surveillance, of a standard culture method means the presence of EEEV in any year is not negated by the addition or modification of a RT-PCR assay.
Conclusions
This was the first time in NYS that EEEV was detected in Cx. salinarius, Ps. ferox and An. punctipennis. The detection of EEEV in mosquitoes every year for 10 years was the longest time span since surveillance began in 1971. This was preceded by a period of five years of no EEEV detections. The calendar date of the earliest annual appearance of EEEV in mosquitoes did not change during surveillance spanning 42 years.
